Abstract Botulinum neurotoxin serotype A (BoNT/A) is the most lethal toxin among the Tier 1 Select Agents. Development of potent and selective small molecule inhibitors against BoNT/A zinc metalloprotease remains a challenging problem due to its exceptionally large substrate binding surface and conformational plasticity. The exosites of the catalytic domain of BoNT/A are intriguing alternative sites for small molecule intervention, but their suitability for inhibitor design remains largely unexplored. In this study, we employed two recently identified exosite inhibitors, D-chicoric acid and lomofungin, to probe the structural features of the exosites and molecular mechanisms of synergistic inhibition. The results showed that D-chicoric acid favors binding at the a-exosite, whereas lomofungin preferentially binds at the b-exosite by mimicking the substrate b-sheet binding interaction. Molecular dynamics simulations and binding interaction analysis of the exosite inhibitors with BoNT/A revealed key elements and hotspots that likely contribute to the inhibitor binding and synergistic inhibition. Finally, we performed database virtual screening for novel inhibitors of BoNT/A targeting the exosites. Hits C1 and C2 showed non-competitive inhibition and likely target the a-and b-exosites, respectively. The identified exosite inhibitors may provide novel candidates for structure-based development of therapeutics against BoNT/A intoxication.
Introduction
Clostridium botulinum neurotoxins (BoNTs) are classified as Tier 1 Select Agent toxins by the Centers for Disease Control and Prevention [1, 2] . Serotype A (BoNT/A) is one of seven known serotypes of botulinum neurotoxins (A-G), and has an estimated human LD 50 of only 1 ng/kg [3] . The toxin consists of a single 150 kDa polypeptide chain that is post-translationally proteolysed into a *100 kDa heavy chain (HC) and a *50 kDa light chain (LC) [4] . The toxin's mechanism of action is known to involve cleavage of one of the three soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE), thereby blocking neurotransmitter release and inducing flaccid paralysis [5] . The holotoxin consists of three structurally distinct domains. The binding and translocation domains on the HC are responsible for receptor binding and translocation of the protein into the cytosol, respectively, while the cleavage of the substrate is catalyzed by the LC, a zinc metalloprotease [6] . A number of structures of BoNT/A and other BoNTs have been determined experimentally including structures of substrate and inhibitor complexes, and have revealed the structural basis for the catalytic Electronic supplementary material The online version of this article (doi:10.1007/s10822-014-9758-7) contains supplementary material, which is available to authorized users. mechanism and substrate recognition [7, 8] . The structure of the catalytic domain of BoNT/A in complex with SNAP-25 (synaptosomal-associated protein, 25 kDa) shows *60 amino acids of the substrate bound in an extended form wrapping around the enzyme from the active site to the rear surface with extensive binding interactions in the distant exosites [9] .
Currently, there is no effective post-intoxication small molecule therapeutic to counteract BoNT/A LC-mediated paralysis. Vaccination and passive immunization antibody therapy are used, but have significant limitations in practice, as they cannot exert an effect on toxin that has already entered the neuron [10, 11] . Intracellularly, the toxin is stable for months. Intoxication occurs within hours and antibodies must be administered within this period [12] . A number of small molecule inhibitors of BoNT/A have been developed in the past, and have primarily targeted the zinc in the LC active site [13] [14] [15] [16] . Most of these active-site inhibitors (e.g. hydroxamate) utilize metal-chelating motifs that are not selective against other metalloproteinases [17] .
Hydroxamates have been shown to have efficacy in mice, but have relatively short in vivo half-lives [18] . Developing tight binding non-chelating inhibitors of BoNT/A has proven to be a difficult task in part due to the high conformational plasticity of the binding pocket and induced conformational changes in adjacent loops upon substrate or inhibitor binding [19] . The exceptionally large substrate binding surface of BoNT/A poses an extremely challenging problem to design effective small molecule inhibitors that are capable of disrupting the extensive protein-protein interactions within the substrate binding interface.
The a-and b-exosites of BoNT/A, which were first addressed by Breidenbach and Brunger, provide intriguing alternatives for small molecule inhibition of enzyme-substrate interactions [9] . The a-exosite is located on the rear surface of the protein (relative to the active site) and consists of four helices, while the b-exosite lies in a dynamic loop region adjacent to the active site and forms the hallmark three-stranded antiparallel b-sheet interaction involving the substrate SNAP-25 [9] . While studies have indicated that these exosites play an important role in substrate recognition and catalysis, the potential for small molecule binding and structure-based inhibitor design at these sites has been largely unexplored. Compared to the deep pocket of the active site, these regions appear to be relatively shallow and undefined. Therefore, questions still remain as to whether the exosites are amenable to small molecule binding. A single domain antibody was recently shown to inhibit SNAP-25 cleavage in vitro and bind to a small crevice in the a-exosite with a low-nM K d , suggesting that low nM inhibition may be possible [20] . Recently, studies from Janda's group showed that the natural products of phenolic caffeoyl derivatives such as D/L-chicoric acid exhibited non-competitive partial inhibition of BoNT/A [21] . The combination of D-chicoric acid with an active-site inhibitor, 2,4-dichlorocinnamic hydroxamate, displayed nonmutually exclusive inhibition. More interestingly, another non-competitive inhibitor, lomofungin, was identified which also exhibited synergistic inhibition against BoNT/A when used in combination with 2,4-dichlorocinnamic hydroxamate and chicoric acid [22] . While no structural evidence has been generated, it has been speculated based upon kinetic data that the binding regions of the two small molecules might map to the a-and b-exosites [22] .
The discovery of exosite inhibitors of BoNT/A inspired us to further investigate the small molecule binding interactions and molecular mechanisms of inhibition at the exosites. The synergy of exosite inhibition provides a valuable approach for designing novel inhibitors against BoNT intoxication. Herein, we applied computational approaches to explore the structural features of the exosites of BoNT/A using chicoric acid and lomofungin as model probes. The potential binding interactions of these small molecules at the exosites were investigated using an unbiased ensemble docking search and stepwise binding mode analysis. To gain insight into the structural basis of synergistic inhibition, we modeled a tripartite inhibitor binding complex of BoNT/A with a hydroxamate inhibitor bound at the active site, D-chicoric acid bound at the aexosite, and lomofungin bound at the b-exosite. The tripartite inhibitor binding complex was analyzed in comparison with the substrate SNAP-25 binding complex, and revealed details of the binding site preferences and key residue determinants contributing to synergistic inhibition at the exosites. Finally, based upon the predicted binding models of the two exosite inhibitors, we performed high throughput in silico screening to identify novel inhibitors targeting the exosites of BoNT/A.
Materials and methods

Structure and inhibitors of BoNT/A
The crystallographic coordinates of BoNT/A in complex with the substrate, SNAP-25, (PDB code 1XTG) was used as the initial model [9] . The SNAP-25 was removed and the two mutated residues, E224Q and Y366F, were changed back to the wild type. The resulting structure was energyminimized prior to MD simulations. Three inhibitors of BoNT/A were used as probes in this study (Fig. 1) . 2,4-dichlorocinnamic hydroxamate (DCH) is the smallest, most potent BoNT/A inhibitor yet (K i = 0.30 lM) and the crystal structure in complex with BoNT/A has been determined (PDB code 2IMA) [23] . D-chicoric acid and lomofungin are exosite inhibitors of BoNT/A that have been reported from studies of Janda [21, 22] . The structures of compounds were built using Discovery Studio (Accelrys, San Diego, CA) and energy minimized prior to docking.
REMD simulations
REMD simulations were conducted for the apo BoNT/A in implicit solvent to investigate the dynamics of the protein.
Ten replicas were used with temperatures ranging from 300 to 395 K (300, 310, 320, 330, 340, 351, 361, 372, 384, and 395 K). The simulated system for each replica was first subjected to a 500-ps equilibration by heating them to their respective temperatures using the Langevin thermostat, followed by a production run of 1-ns length in total. The SANDER module of the AMBER 12 package was used for the simulations with the ff99SB force field [24] . The resulting trajectories were analyzed using the PTRAJ module and the weighted histogram analysis method (WHAM) [25] . The root-mean-square deviations (RMSDs) of the protein backbone were calculated from the trajectories at 1-ps interval using the initial structure as the reference. The root-mean-square positional fluctuations (RMSFs) were calculated from the trajectory at room temperature (300 K) based upon the superposition of all Ca atoms. The averaged structure of trajectories was used as the reference and compared with the experimental B-factors from the crystal structure.
Essential dynamics analysis
Essential dynamics (ED) analysis is a technique which reduces the complexity of the data, and extracts the concerted motion in simulations that are essentially correlated and presumably meaningful for biological function. In the ED analysis, a variance/covariance matrix was constructed from the trajectories after removal of the rotational and translational movements. A set of eigenvectors and eigenvalues were identified by diagonalizing the matrix. The eigenvalues represented the amplitude of the eigenvectors along the multidimensional space, and the displacements of atoms along each eigenvector showed the concerted motions of the protein along each direction. An assumption of ED analysis is that the correlated motions for the function of the protein are described by eigenvectors with large eigenvalues. The movements of protein in the essential subspace were identified by projecting the Cartesian trajectory coordinates along the most important eigenvectors from the analysis. In this case the ED analysis was performed for the REMD trajectories at room temperature and a total of 10 essential modes were generated and analyzed using the PTRAJ module in the AMBER 12 package [24] .
Ensemble docking and stepwise binding mode analysis
We applied an approach of stepwise binding mode analysis combining ensemble docking, clustering, MD simulations, and binding free energy calculations to probe the small molecule binding interactions with BoNT/A. The ensemble docking was employed to account for protein flexibility, especially for the dynamic loop regions surrounding the active site. As outlined in Fig. 2a , ensembles of the BoNT/ A structure were generated from five REMD trajectories (300-340 K). The means method in the PTRAJ module was used for clustering analysis, and a total of 10 cluster representatives of BoNT/A conformations were obtained from the MD trajectory. The AutoDock-based DOVIS program [26] was used for the ensemble docking of selected BoNT/A inhibitors. The active site of the protein was defined by a grid of 120 9 120 9 120 points with a grid spacing of 0.5 Å centered at the catalytic zinc ion, which encompassed the entire protein for an unbiased docking search. The default parameters of zinc in AutoDock 4.2 (R-eqm = 1.48 Å and weighted epsilon = 0.091) were used and a charge of ?2 was assigned [27] . The Lamarckian Genetic Algorithm (LGA) [28] was applied with 100 runs and the maximum number of energy evaluations was set to 2 9 10 6 . All poses from each ensemble docking were retained for clustering and binding mode analysis. Fig. 1 Inhibitors of BoNT/A used as probes in this study. 2,4-dichlorocinnamic hydroxamate (DCH) is a potent BoNT/A active site inhibitor which chelates the zinc [23] . D-chicoric acid (DCA) and Lomofungin are exosite inhibitors of BoNT/A which have been reported from studies by Janda et al. [21, 22] Analysis of the binding modes was performed in a stepwise process using the AutoDockTool package [27] . First, docked poses with each protein conformation were merged and clustered with a fine-tuned criteria for the RMSD (10 Å ). The major clusters were identified as potential sites of inhibitor binding. Second, sub-clustering of docked poses at each binding site was applied to identify the most plausible binding mode (RMSD = 2.0 Å ). Representatives of the top clusters at each binding pocket were inspected and the most favorable binding modes were selected. Third, the representative binding conformations from each sub-cluster were refined with MD simulations, and the binding free energies were calculated using the MM/PBSA method as described below for the optimal binding mode selection. Finally, binding free energies were decomposed to residues at the binding site to examine their contributions to the inhibitor binding affinity.
MD simulations and binding free energy calculations
MD simulations were performed for the predicted binding complexes of D-chicoric acid and lomofungin with BoNT/ A using the AMBER 12 package and the ff99SB force field [24] . The solvated protein systems were subjected to a thorough energy minimization prior to MD simulations. Bond lengths involving hydrogen were constrained with SHAKE and the time step for all MD simulations was set to 2-fs. A non-bonded cutoff of 10 Å was used, and the nonbonded pair list was updated every 25 time steps. Periodic boundary conditions were applied to simulate a continuous system. The periodic box defined in the simulated system was 94.6 9 85.8 9 94.7 Å and the charges were neutralized by adding Cl -counter ions. The particle mesh Ewald (PME) method was employed to calculate the long-range electrostatic interactions [29] . The simulated system was first subjected to a gradual temperature increase from 0 to 300 K over 100-ps, and then equilibrated for 500-ps at 300 K, followed by production runs of 2-ns length in total. The Langevin theromostat was used to maintain the temperature in the MD simulations.
The binding free energies were calculated using the MM-PBSA method [30] . A set of 200 snapshots was extracted at 10-ps intervals from trajectories of each binding complex simulation. The polar contribution (G PB ) was calculated using the Poisson-Boltzmann equation. The nonpolar contributions (G SA ) were estimated using the MSMS algorithm according to the equation: G SA = c 9 SASA ? b kcal/mol, with c and b set to 0.00542 kcal/ molÁÅ -2 and 0.92 kcal/mol [31] , and the probe radius used to calculate the solvent accessible surface area (SASA) was set to 1.4 Å . The entropy contribution was neglected in the free energy calculations. Decomposition of the calculated binding free energies was performed using the same MM-PBSA module in AMBER 12 package [24] . Virtual screening Virtual screening was performed to search the MLSMR library consisting of over 350,000 druglike compounds using a stepwise VS protocol combining a ligand-based 3D similarity search and structure-based docking (Fig. 2b) . The predicted binding modes of D-chicoric acid and lomofungin were used as queries for searching the entire database using the shape-based program ROCS, followed by docking the top 5 % of the hits to the structure target of BoNT/A (PDB code: 1XTG) using the AutoDock-based virtual screen program DOVIS [26] . The active site of BoNT/A was occupied with the hydroxamate inhibitor DCH in the docking process, thus allowing an extensive search of potential exosite binders. The docked poses at the a-and b-exosites were analyzed in terms of binding interactions with the hotspot residues identified from D-chicoric acid and lomofungin binding models. The final hits were cherry-picked based upon an overall scoring schema from the post-docking process, including consensus scoring, clustering and chemotype analysis. . All inhibitors were dissolved in DMSO, and the DMSO concentration was held at 2 %. Reactions (50 lL) were monitored using excitation and emission wavelengths of 485/520 or 435/525 nm for SNAPtide and the YFP-(141-206)-CFP substrates, respectively. The continuous assays were used as the primary assays for testing compounds selected in silico, and for IC 50 and K i measurements. For the K i measurement the data was collected in triplicate. The discontinuous gelbased assay was used as a secondary assay to rule out artifactual hits due to fluorescence quenching or autofluorescence.
Gel-based assay SDS-PAGE gel electrophoresis (Pierce 8-16 % Tris-HEPES gradient gels from Thermo Scientific Inc.) was used to verify inhibition (20-24 lM YFP-(141-206)-CFP substrate, 0.23-0.24 lM BoNT/A 1-448 or 0.33 lM BoNT/ A 1-425, 200 lM inhibitor). The BoNT/A 1-448 reactions were run for 10-12 min at room temperature, and BoNTA 1-425 reactions were run for 22 h until cleavage was nearly complete in the no-inhibitor control. Reactions were quenched with Laemmlli loading buffer (1:1), and heated for at least 3 min at 70?°C. The products were separated by gel electrophoresis, and band densities were quantitated using a BioRad imager.
The percentage of cleaved or uncleaved substrate could be calculated using the intensities of the bands for the control reactions (no enzyme control or no inhibitor control, upper or lower bands). The intensity of the uncut or fully cut bands were then used to measure the percent uncleaved and cleaved. I N is the intensity of substrate band in the reaction containing inhibitor, enzyme and substrate. I o is the intensity of the substrate band in the presence of enzyme and absence of inhibitor, and I U is the intensity of the substrate band in the absence of enzyme.
Results and discussion
Dynamics of substrate binding site of BoNT/A We applied replica-exchange MD simulations (REMD), which provided a more efficient approach to sample the conformational changes of the large substrate binding interface of BoNT/A, to investigate the dynamics of BoNT/ A associated with substrate and inhibitor binding. As shown in Fig. 3a , the active site of BoNT/A contains a large hydrophobic cavity with a zinc ion at the center bordered by flexible loop residues 60-70 (loop 60) and a small loop 170. The 200 and 250 loops at the b-exosite are known to undergo large conformational changes to accommodate substrate and inhibitor binding [32] . Figure 3b depicts the atomic positional fluctuations of the residues (Ca) calculated from the REMD simulations at room temperature. In agreement with experimental observations (Suppl. Fig. S1 ), the active-site (loop 60 and 170) and the b-exosite loop 200 and 250 exhibited high fluctuations in the apo state, whereas these dynamic loops were significantly stabilized upon substrate binding. The bexosite loop 200 had the largest conformational changes as expected. Interestingly, loop 170 also exhibited high degree of dynamics in the MD simulations. This is not evident from experimental structures. The loop is located on top of the active site near a deep groove, which serves as an anchor site for the substrate wrapping around from the rear a-exosite to the catalytic active site (the groove is referred to as the anchor exosite) (Fig. 3a) .
In contrast to the active site and b-exosite, the a-exosite was more stable during the simulations. Two methionine residues, Met-106 and Met-344 from helices H1 and H3, participated in extensive hydrophobic interactions with residues Phe-341 and Ile-348 at the center of the a-exosite, and thereby, significantly stabilized the movement of these two helices. The a-exosite binding pocket is surrounded by a number of polar and charged residues including Arg-113, Asp-102, Lys-337, Lys-340, and Lys-343. A closer examination of these residues showed that they were more flexible with conformational changes surrounding the aexosite. The conformational flexibility is likely associated with their functional role in facilitating substrate binding.
To characterize the dynamical properties of the binding site, we performed ED analysis to extract the concerted motions and their correlations from the trajectories. The first essential mode showed that the major motions occurred at the b-exosite, which was associated with two distinct conformations of loops 200 and 250 (Fig. 3c) . [33] . We hypothesize that loops 200 and 250 in the closed conformation are associated with the active form of BoNT/A, whereas the dynamic and disordered conformation of the b-exosite loops are correlated with the inactive state of the enzyme. 
Binding mode of chicoric acid at the a-exosite
We first investigated the binding interaction of D-chicoric acid with BoNT/A using the stepwise binding mode analysis. The ensemble docking of D-chicoric acid to BoNT/A was performed in the presence of DCH bound in the catalytic binding pocket. Clustering analysis of the docked poses showed that major clusters were located at three distinct binding regions, which accounted for 70 % of the docked poses in total (Fig. 4a, b) . Remarkably, the largest cluster was found at the a-exosite, with a population of 35 % of all binding poses and the lowest docking scores.
The second cluster was found at the b-exosite, where the inhibitor was inserted into the deep pocket of the b-exosite in a closed form. The third binding cluster was observed at the anchor exosite. The small molecule was positioned in a deep narrow groove along the substrate binding interface with various binding conformations.
The clustering results indicated that D-chicoric acid bound to the a-exosite more preferably than at the other exosites. To further probe this, the top-ranked binding conformations from each cluster were optimized and the binding free energies were calculated ( Table 1 ). The lowest binding free energies of D-chicoric acid at the a-exosite were approximately -32.6 kcal/mol, as compared to -20.9 and -15.5 kcal/mol of the best binding complex at the b-exosite and the anchor exosite, respectively. Figure 4c shows the optimal binding mode of D-chicoric acid at the a-exosite. The small molecule was accommodated in the a-exosite in such a manner that the di-carboxylate group was oriented at the center forming interactions with residues Lys-337 and Lys-340. One of the di-hydroxyphenyl groups was inserted into a cavity adjacent to residue Arg-113, while the other di-carboxylate group pointed outward to a hydrophobic region and formed extensive interactions with residues mainly from helix H2 including Asp-102, Leu-103, and Tyr-223. Such a U-shaped binding conformation apparently fits well at the a-exosite along the groove of helices H2 and H3. Moreover, docking analysis of D-chicoric acid to other serotypes of BoNTs showed that the small molecule bound to BoNT/B and BoNT/E in a similar manner to BoNT/A (Suppl. Fig. S2 ), suggesting that these serotypes are more structurally similar at the aexosite in terms of small molecule inhibition. MD simulations and binding free energy decomposition revealed key residues involved in inhibitor binding at the a-exosite (Fig. 4d) . Residues Asp-102, Lys-340, Arg-113 and Lys-337 had major contributions to the calculated free energies, indicating that the inhibitor binding was mainly driven by the polar and charged interactions. These residues form a highly polar wall surrounding the a-exosite, and exhibited a high degree of flexibility to accommodate inhibitor binding. Asp-102 made the remarkably largest binding energy contribution. This residue formed hydrogen bonds with the hydroxyphenyl group of D-chicoric acid at the bottom of the a-exosite, which apparently governed the U-shaped binding conformation. The second largest contribution of binding energy was found with a number of hydrophobic residues located at the center of the pocket including two methionines, Met-106 and Met-344. Analysis of BoNT/A-substrate binding complex revealed that the SNAP-25 bound to BoNT/A at the a-exosite mainly through a-helix interactions at this hydrophobic region. Residues Ile-156 and Met-167 of SNAP-25 are buried in the pocket and make extensive interactions with Met-106, Arg-113, and Met-344 of BoNT/A. Mutations of residues Ile-156 and Met-167 that disrupted the interactions with Met-106 and Arg-113 substantially decreased the substrate binding affinities [9] .
Binding mode of lomofungin at the b-exosite Figure 5a shows the major binding clusters of lomofungin docked to BoNT/A from the stepwise binding model analysis. The ensemble docking generated a large number of binding conformations of the small molecule around the protein surface. Clustering analysis showed that the top two major clusters were predominantly located at the b-exosite, which accounted for 38 % of binding poses in total. The first binding cluster was found at the b-exosite region as observed in the crystal structure of the substrate binding complex (PDB 1XTG), where a three-stranded antiparallel b-sheet interaction was formed between loop 250 and SNAP-25. The second cluster was located in the b-exosite pocket, similar to the D-chicoric acid binding. However, the tricyclic small molecule was positioned into the pocket more deeply by forming hydrogen bonds with Lys-371 and extensive aromatic and non-polar interactions with residue Leu-200, Leu-207, Tyr-250 and Phe-369. The lowest binding free energies of the two binding modes were -22.5 and -21.1 kcal/mol 2 ( Table 1 ), indicating that binding affinities of the inhibitor at the two b-exosites are comparable. Besides the b-exosite, several small clusters were also found at the anchor site along the substrate binding groove and the N-terminal region adjacent to the a-exosite. It is interesting to note that, unlike D-chicoric acid, no binding cluster was observed with lomofungin at the aexosite, suggesting that the rigid small molecule did not fit into the a-exosite binding region.
Our docking and clustering analysis support the experimental finding that lomofungin displays non-competitive binding with both the active site inhibitor DCH and D-chicoric acid [21] . Moreover, the small molecule appeared to bind more preferably to the b-exosite. As shown in Fig. 5B , lomofungin was orientated in line with the two strands of the b-sheet involving loop 250 and mimicked the antiparallel b-sheet substrate binding interaction. Similar to the SNAP-25 complex, the lomofungin binding complex was stabilized by forming two hydrogen bonds with the backbone of Leu-256 and Gly-255, and extensive vdW and hydrophobic interactions with residues Tyr-250, Phe-369, Leu-256, and Met-253. These residues at the b-exosite form a well-defined hydrophobic pocket at the periphery of the active site, which is also referred to as the S5 0 binding pocket for residues 201-204 of SNAP-25 [34] . Mutagenesis studies indicated that the binding site and residues within loop 370 such as Tyr-366 and Asp-370 have significant effects on the catalytic activity [35, 36] . The binding preference of lomofungin at the loop pocket was also seen in the MD simulations and binding free energy calculations (Table 1 ). The binding complex at the b-exosite was more stable and had the lowest binding free energies when compared to binding interactions at other exosites. Because the dynamics of the b-exosite loops are highly associated with the active site, synergistic inhibition by lomofungin binding at the b-exosite likely prevents conformational changes within the active site, locking the protein in an inactive state.
The synergistic binding model
To gain insight into the synergy of exosite inhibition, we modeled a tripartite binding complex of BoNT/A bound with three inhibitors: a hydroxamate inhibitor, DCH, bound at the catalytic site, D-chicoric acid bound at the a-exosite, and lomofungin bound at the b-exosite (Fig. 6a) . MD simulations showed that the dynamical changes of BoNT/A in the tripartite inhibitor binding were similar to those observed in the BoNT/A-SNAP-25 complex (Fig. 6b) , suggesting that the three inhibitors interact with BoNT/A cooperatively in a manner that is comparable to the substrate binding. The calculated binding energies of the tripartite binding interactions were approximately -133.9 kcal/mol, whereas the calculated binding energies of SNAP-25 with BoNT/A were approximately -331.2 kcal/mol. Given the extremely large substrate binding interface of BoNT/A, the higher binding affinity of the substrate compared with that of small molecule binding was not unexpected. In comparison with the predicted binding energies of the three inhibitors from their separate binding complexes, which were -54.5, -32.6, and -22.5 kcal/mol for DCH, D-chicoric acid, and lomofungin respectively (Table 1) , the total binding energies of the three inhibitors in the tripartite complex were much lower (-133.9 vs. -110.0 kcal/mol). The gain of binding affinity appeared to result from a synergy of inhibitor binding.
The tripartite binding model provided a plausible explanation for the structural basis of the binding preference associated with the active-site and exosite inhibitors. Analysis of binding energy contributions showed that more than 40 residues of BoNT/A contribute to substrate binding interactions (Fig. 6c) . These hotspot residues were predominantly clustered at four binding sites, which, according to their total binding energy contributions, are the active site (30 %), the a-exosite (18 %), the anchor exosite (15 %), and the b-exosite (12 %). Such binding site preferences were indeed in agreement with that predicted from docking analysis using the small molecule probes. The identified hotspots at the a-and b-exosite from the tripartite binding complex were also consistent with those involved in substrate binding interactions (Fig. 6d) , suggesting that the inhibitor binding at the exosites largely mimicked the substrate interaction. It is postulated that the D-chicoric acid binds at the a-exosite that is capable of blocking the protein-substrate interaction, while lomofungin binds at the b-exosite to stabilize the protein in an inactive form. The two exosite inhibitors bind in a synergistic manner with the active-site inhibitor DCH, thereby achieving high binding stability and maximum inhibitory activity.
Novel exosite inhibitor identified from virtual screening
Based on the predicted binding models of D-chicoric acid and lomofungin, we performed high throughput in silico screening to identify novel inhibitors targeting the exosites of BoNT/A. The MLSMR library consisting of over 350,000 drug-like compounds was screened using a protocol combining ligand-based similarity searches and structure-based docking (Fig. 2b) . The hits bound at the aand b-exosites were analyzed in terms of binding interactions with the hotspot residues identified from the binding mode analysis. A total of 167 compounds were selected for experimental evaluation using the continuous assay and FRET substrates. In order to differentiate potential inhibitors at the exosites rather than the active site, two different substrates, the SNAPtide (12-mer) and the long substrate of YFP-(141-206)-CFP (66-mer), were utilized in the primary assay since exosite inhibitors may compete with the longer substrates, but not the short substrates.
The results showed a number of compounds with inhibitory activities in the primary SNAPtide and YFP-(141-206)-CFP assay (Suppl. Fig. S3 ). The most promising hits were examined in the discontinuous assay to eliminate artifacts due to fluorescence quenching or autofluorescence (Suppl. Fig. S4 ). We also tested the compounds using both the full length BoNT/A and the truncated enzyme as inhibitors of BoNT/A were found to display different activities with the two enzyme forms [37] . The identified inhibitors were also confirmed in the gel-based assay with and without DTT (Suppl. Fig. S4 ). Some interesting hits are shown in Table 2 . These compounds represent a diversity of chemotypes for the BoNT/A inhibitors that have not been previously reported. Inhibitor C1 was found to be active in the YFP-(141-206)-CFP assay, but not in the Fig. S4 ).
C1 and C2 are putative exosite inhibitors
We followed up on the top two inhibitors-C1 and C2. C1 contains several appealing functionalities: isoxazole; benzodioxol; and 3-carboxyquinoline. The quinoline-based compounds are known inhibitors of BoNT/A [38] . Lai et al. [14] reported that the 8-hydroxyquinol and derivatives showed non-competitive inhibition on BoNT/A. C2 is a piperidine-based chemotype and also contains an interesting benzodioxol group. To further characterize the binding mechanism of the two inhibitors, we performed in vitro kinetic analysis using the full-length BoNT/A. The data for both compounds was best fit to a model for non-competitive inhibition (Fig. 7a, b) . The non-competitive inhibition by these two inhibitors is consistent with exosite inhibition. However, for C1 (the weaker binding inhibitor of the two) other modes of inhibition could not be ruled out. Both inhibitors were susceptible to reducing agents and reduced potency was observed after just a few freeze-thaw cycles of stock solutions (in DMSO).
We attempted to determine the binding mode of the inhibitors by co-crystallization, but have not yet obtained adequate crystals (likely due to inhibitor binding near crystal-packing interfaces). We therefore performed a refined docking analysis to examine the putative binding interactions of C1 and C2 with BoNT/A. Interestingly, C1 preferably bound at the a-exosite of BoNT/A, whereas C2 favored the b-exosite. As shown in Fig. 7c , the isoxazole of C1 was positioned at the a-exosite by forming H-bonding interactions with residues Lys-337 and Lys-340, whereas the carboxyquinoline group pointed down towards the hydrophobic region and formed H-bonding interactions with Asp-102. The carboxyquinoline group appeared to play an important role in facilitating inhibitor binding. Several analogs of C1 were tested in the screen; however, none showed inhibition at 200 lM. The predicted binding model of C2 showed that, while the benzodioxol group inserted into the S1 pocket, the bipiperidine ring together with the phenyl formed the b-sheet binding interaction at the b-exosite by mimicking the substrate binding (Fig. 7d) .
We should point out that, owing to the large substrate binding interface of BoNT/A and the intrinsic nature of protein mobility, inhibition at the exosites and the synergistic effects on the activity of the catalytic domain of BoNT/A remain elusive. Some of the inhibitors identified from virtual screening ( Table 2) are Michael acceptors and could inhibit BoNT/A by forming covalent bond with cysteine residue at the active site or exosite sites. It is possible that the two exosite inhibitors C1 and C2 bind to a region that is distant from the substrate binding interface to generate long-range effects on the active site, and consequently the catalytic process. Subtle changes in the metal coordination geometry or metal binding affinity could significantly impact activity. Recent studies from Janda's group showed that the C-terminus of full length BoNT/A led to additional flexibility at the active site and profoundly affected inhibitor binding when compared with the truncated form of BoNT/A. We have also observed differences in binding inhibition with the inhibitors using the full length 1-448 and truncated 1-424 enzymes. Unlike the D-chicoric acid, which showed partial inhibition of the full length BoNT/A, inhibitor C1 exhibited non-competitive and complete inhibition. Compared with C1, inhibitor C2 was remarkably potent in the FRET assay, but appeared to be affected by DTT. The inhibitory mechanism of the compounds at the exosites and their potential synergistic activities with other known inhibitors are currently under investigation.
Conclusion
The overarching goal of the study was to identify novel and potent small molecule inhibitors of BoNT/A targeting the exosites. To this end, we first performed extensive computational analysis to probe the structural features of the exosites in the context of binding interactions with lomofungin and D-chicoric acid. Characterization of the binding modes of these two putative inhibitors provided a useful guide for structure-based in silico screening of novel exosite inhibitors of BoNT/A. The identified inhibitor C1 in this study represents a novel chemotype of BoNT/A inhibitor that likely targets the a-exosite. Further investigation of the binding interaction and inhibition mechanism with the exosite inhibitors could offer promising candidates for the development of therapeutics against BoNT/A intoxication.
